Abstract We examine whether groups of precariously balanced rocks in the Mojave Desert, southern California, may have remained standing for thousands of years because anomalous site conditions prevent the rocks from toppling during large earthquakes. Measurements of peak ground velocity at bandwidths of 0.5-1, 1-2, 2-4, 4-8, and 8-16 Hz for 56 earthquakes (M L 3.5-4.8) at two sites of precarious rocks are compared with velocities recorded for the same earthquakes by three TRI-NET* stations located on engineering "rock" (National Earthquake Hazard Reduction Program [NEHRP] site class B). We find that the residuals (the logarithm of the ratio of the amplitudes recorded at the precarious-rock sites to the TRINET amplitudes for the same earthquake and epicentral distance) at frequencies less than about 4 Hz are negative (i.e., deamplification of 50%-250%), whereas the residuals are slightly positive at the higher frequencies (i.e., amplification of up to 25%-50%). Highfrequency ground motions (e.g., peak ground acceleration) may therefore be slightly amplified at the precarious-rock sites, which means that site conditions do not appear to explain the existence of the precarious rocks in areas where high peak ground accelerations are predicted in recent probabilistic seismic-hazard (PSH) models. This discrepancy between the precarious rocks and the PSH models should be urgently resolved.
Introduction
It has recently been suggested by Brune (1996) and Brune et al. (1999) that precariously balanced rocks may provide upper-bound estimates of the ground motions that have occurred at specific sites for time periods of thousands of years. Field and laboratory studies have suggested that groups of precarious and semiprecarious rocks (hereafter referred to simply as "precarious rocks") have remained in their present unstable positions for thousands of years (based on age dating of the surfaces of precarious rocks and the rock surfaces on which they rest); (Bell et al., 1998) and would be toppled by ground shaking greater than about 0.1-0.3 and 0.3-0.5g, respectively (Brune, 1996; Brune et al., 1999) . If this is the case, then either ground motions stronger than these values do not occur at precarious rock sites or anomalous site conditions prevent the rocks from toppling (i.e., there is deamplification of ground motions). Resolving which of these hypotheses is correct has important implications for seismic-hazard analysis. Unless anomalous site conditions allow precarious rocks to remain standing during *TRINET is a cooperative program that combines the U.S. Geological Survey, California Institute of Technology, and California Geological Survey Seismic Networks for southern California. large local earthquakes, the distribution of precarious rocks in a region may identify areas where strong ground shaking does not occur, or has not occurred, for thousands of years. Furthermore, precarious rocks may eventually have the potential to be used to test the predicted ground motions of probabilistic seismic-hazard (PSH) models for time spans well beyond those of historical earthquake records, which are currently the only data sets available for testing these predictions.
In this study, we compare the horizontal peak ground velocities (hereafter referred to as "peak velocities") produced from 56 regional earthquakes of M 3.5-4.8 at sites of precarious rocks to the velocities recorded for the same earthquakes by TRINET stations at engineering "rock" sites. Here, we define "rock" sites as those having shear-wave velocities of 1000 m/sec, which corresponds to National Earthquake Hazard Reduction Program (NEHRP) class B. Our aim is to determine whether or not the response at precariousrock sites over a wide range of frequencies ("response" is synonymous with "peak velocity" for frequencies of 0.5-16 Hz) is significantly less than the response at "rock" sites, therefore addressing the question of whether or not site conditions may prevent the rocks from toppling during large, Figure 1 . Distribution of earthquake epicenters (open circles), TRINET stations used in this study (solid circles labeled MWC, TA2, and SBP), and the precarious-rock sites where our digital broadband seismometers were installed (solid circles labeled LB and PB; i.e., Lovejoy and Piute Buttes). The surface traces of faults are shown by thin black lines. LB and PB are situated on Mesozoic granite, and the TRINET stations are located on granitic and metamorphic rocks. local earthquakes. Although a preliminary study of site effects at three precarious-rock sites in southern California Stirling, 1998) provided no evidence of a site effect at the three sites, those studies did not adequately resolve the issue, as it was limited to a small data set of 12 earthquakes and to the vertical component of peak ground velocity.
Method and Analysis
Digital broadband (Reftek) seismometers were installed at the Lovejoy Butte and Piute Butte precarious-rock sites (referred to as "LB" and "PB" and labeled as such in Fig.  1 ) in late 1998. PB was removed in October 1999 and LB in January 2000. The epicenters of the earthquakes recorded at the two sites and used in our analysis are shown in Figure  1 , and the date, location, depth, and magnitude of each earthquake are listed in . These TRINET stations were chosen on the basis of being as close as possible to our definition of "rock" sites and also because of their proximity to LB and PB. Each TRINET station has similar natural frequencies (1 Hz), damping constants (0.7-0.8), and sampling rates (100 samples/sec) to those of our instruments. Each seismogram is corrected for instrument response and bandpassed to produce five filtered seismograms for 0.5-1, 1-2, 2-4, 4-8, and 8-16-Hz frequency bands. Seismograms from the precariousrock and TRINET stations found to be off scale (clipped) are then removed from our data set. Finally, to base our assessment of site effect on a "rock" reference site (shear wave velocities of 1000 m/sec, or NEHRP ground class B), the peak amplitudes from the TRINET stations (in m/sec) are then adjusted according to site correction or amplification factors recently determined by H. Kanamori over the frequency range of 0.25-1 Hz (written comm., 2000; summarized in Fig. 2 ). These amplification factors give the ratio of the peak spectral amplitudes at the TRINET sites to those recorded at the TRINET "rock" site PAS (Pasadena granite) for the same magnitude and epicentral distance and are independent of amplitude. The shear-wave velocity for the PAS site is about 1000 m/sec (J. Steidl, pers. comm.), consistent with our definition of "rock." Dividing the amplitudes of the TRINET seismograms by the amplification factors given for each TRINET station and bandwidth produces the final reference amplitudes used in our study.
Because the strongest ground motions at a site due to an earthquake are dependent on the magnitude of the earthquake, the epicentral distance, and the site conditions, it is necessary to remove the effects of the first two factors to isolate the effects of the last. We therefore compare the peak velocities from precarious-rock and TRINET seismograms for the same earthquake and only compare seismograms after correcting the amplitudes for epicentral distance. We first divide the peak velocities according to the earthquake that produced the peak velocity and then remove the peak velocities recorded at epicentral distances Ͼ200 km. For each earthquake and frequency band, we plot the logarithms of the TRINET peak velocities as a function of epicentral distance and then fit a Richter attenuation curve (Boore, 1987;  where A is amplitude, D is distance in km, and c is constant) through the log velocities by varying constant c in the equation until the mean difference between the log velocities and the curve is equal to zero. Our method of fitting the Richter curve to the velocities therefore preserves the slope of the Richter curve, and a minimum of two TRI-NET amplitudes are used to fit the Richter curve for each earthquake. Our assessment of the response at precarious-rock sites relative to rock sites is based on residuals calculated for each measure of peak velocity from the precarious-rock sites. In this instance, the residuals are equal to the logarithm of the ratio of the peak velocity recorded at the precarious rock to the peak velocities predicted from the Richter curve with the TRINET velocities. The residuals calculated for the precarious rocks are summarized by the graphs of residual versus frequency in Figure 3a -d. The four graphs show the mean and 1-standard-deviation range of residuals for four different subsets of the total calculations. We show the residuals for LB and PB separately in Figure 3a ,b. The plots show similar trends of increasing mean residual as a function of frequency, with the steepest slope to the curves at the lowest frequencies and vice versa at the highest frequencies. The zero mean residual is at about 2-4 Hz. The mean residuals therefore indicate a negative site effect at the lower frequencies (deamplification of 50%-250% at precarious-rock sites at about 1 Hz) and a zero to positive site effect at the higher frequencies (amplification of up to 25%-50% at 12 Hz). This trend is consistent with the results of other studies of site effects in southern California, including those of companion studies at the LB and PB sites. Specifically, examination by Abbott et al. (2001) of spectral ratios at PB and LB showed deamplification at these sites relative to an NEHRP class C rock site (Mill Creek Summit, MCS) at 0.4-4 Hz and amplification at 4-20 Hz. Furthermore, Field (2000) showed amplification factors between the different NEHRP ground classes to be largest at the lowest frequencies and smallest at the highest frequencies. Specifically, NEHRP B sites (1000 m/sec) were shown to be deamplified by about 22% relative to NEHRP BC sites (760 m/sec) at the 1-Hz bandwidths, reducing to 10% at 3 Hz and 5% for peak ground acceleration (PGA). Field's results therefore show that amplification is a negative function of shear-wave velocity, or conversely, deamplification is a positive function of shear-wave velocity. Because we observe deamplification at the precarious-rock sites at the low frequencies (Fig. 3a,b) , this may imply that the shear-wave velocity of the rock mass beneath LB and PB is greater than that of our NEHRP B reference site (i.e., Ͼ1000 m/sec). This suggestion is supported by recent estimates of Abbott et al. (2000) of the shear-wave velocities at LB and PB, which appear to be Ͼ1000 m/sec within 20 m of the ground surface at LB, with corresponding velocities within 50 m of the ground surface at PB.
Our data set includes 24 aftershocks from the M 7.1 16 October 1999, Hector Mine earthquake, which represent a subset of the data produced from essentially the same location and therefore, with little or no differences in path from source to site. Residuals calculated for these Hector Mine earthquakes at the two precarious-rock sites are shown in Figure 3c . For comparison, residuals calculated from the rest of the data (i.e., no Hector Mine aftershocks) are shown in Figure 3d . Clearly, the Hector Mine residuals (Fig. 3c) show a much narrower 1-standard-deviation range of residuals than the rest of the data (Fig. 3d) , and also show more positive residuals at the high frequencies. The former observation can be explained by the elimination of random-path effects in the Hector Mine subset of the data. The latter observation can possibly be explained by recent studies that have shown a factor of 2-3 amplification of shear waves in the Mojave Desert by Moho reflection effects (Mori and Helmberger, 1996) . The Moho is a very strong and level reflector beneath the Mojave Desert, and the LB and PB sites are at optimal distances to the Hector Mine aftershocks for ground motions from these aftershocks to be amplified by Moho reflection effects (i.e., around 100 km; Mori and Helmberger, 1996) .
Discussion and Conclusions
The range of peak velocities recorded at the LB and PB precarious-rock sites show deamplification at the low frequencies (Ͻ2-4 Hz) and slight amplification at the higher frequencies relative to NEHRP class B rock. However, the generally large 1-standard-deviation limits on the mean residuals in Figure 3a ,b,d provide evidence of significant random variability in ground motion from earthquake to earthquake. The Hector Mine aftershock subset of our dataset (Fig. 3c) shows a relatively small 1-standard-deviation range of residuals, a finding consistent with the uniform sourceto-site path for all of these earthquakes. Moho reflection of the shear waves produced from these aftershocks possibly contributes to the noticeably high residuals at high frequencies in the Hector Mine subset.
One potential use of the precarious-rock observations may be to provide constraints on the long-term estimates of ground motion from PSH models. If we examine the PGAs expected at the LB and PB precarious-rock sites from the Frankel et al. (1996) PSH model for a time period less than or equal to the time that the rocks have remained standing (e.g., the 2% in 50-year PGA, which represents an approximate 2500-year return period, considerably less than the approximate ‫ם000,01‬ year age of the precarious rocks suggested by Bell et al. 1998) , we see that about 0.7-0.8g is expected at these sites (Brune, 1999) . This level of PGA is considerably higher than the 0.2-0.4g maximum-allowable PGA implied by the presence of the precarious rocks at PB and LB (Brune 1999) , and our results indicate that site effect does not account for this large discrepancy. We do not see any deamplification of ground motions at the high frequencies that are relevant to the estimates of PGA from the Frankel et al. (1996) PSH model. Only the low frequencies appear to be deamplified at the precarious-rock sites. Although Frankel et al. assumed NEHRP BC site conditions for their PSH model rather than our NEHRP B reference site class, we remind the reader that the BC site class has been shown to be essentially the same as the B site class in terms of site response to high-frequency ground motions like PGA (Field, 2000) . Therefore, no anomalous site conditions appear to exist at the precarious-rock sites relative to the NEHRP BC site conditions assumed in the 2500-year PGA maps of Frankel et al. (1996) . So without site effect as a viable explanation for the preservation of the precarious rocks, it follows that the rocks may be located in areas where ground motions are less than assumed in the PGA maps. We therefore consider it important to determine why this discrepancy between the precarious rocks and the PGA maps exists. As the results of our analysis stand, they have important ramifications for earthquake engineering. Parallel studies of the average dynamic toppling accelerations for precarious rocks at LB obtained from numerical modeling using realistic seismograms have shown the rocks to be most sensitive to the high frequencies (i.e., PGA) and suggest lower PGAs than those predicted by the PSH maps (A. Anooshehpoor et al., unpublished data) . Outstanding issues, such as the magnitude of spatial variations in site response across the large bedrock (butte) landforms that contain the precarious rocks, the extent to which our assessment of site response (i.e., based on weak-motion data) can be applied to strong motion, and the possibility of changes to the engineering seismological properties of precarious rocks over long time periods due to weathering processes, still need to be investigated.
